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1-Introduction 
Cerebrovascular stroke is a major cause of morbidity and mortality in Europe, 
North America and Asia (1). While the etiology is complex, plaque accumulation and 
associated narrowing of the extra- and intra-cranial vessels is the underlying pathologic 
substrate in the majority of ischemic strokes. Specifically, atherosclerotic internal 
carotid artery stenosis is responsible for a considerable proportion of ischemic strokes 
(estimates range from 20% to 40%) and transient ischemic attacks (2). Surgical or 
endovascular revascularization of critical internal carotid artery stenosis is associated 
with improved outcome; however, it requires the definition of reproducible criteria 
justifying intervention, based on the quantitative degree of stenosis. In current clinical 
practice, stenosis severity determined with conventional invasive angiography, is the 
basis for subsequent clinical management (3). Specifically, clinical guidelines define 
angiographic stenosis thresholds justifying revascularization. In North American 
Symptomatic Carotid Endarterectomy Trial (NASCET) and European Carotid Surgery 
Trial (ECST), angiography was studied in reporting treating carotid artery stenosis of 
different degrees. Both trials applied different methods for calculation of stenosis 
severity. NASCET trial demonstrated mild significant benefit in patients suffering from 
50 to 69% stenosis and maximum benefit in patients suffering from more than 70% 
stenosis. The ECST demonstrated a small significant benefit in patients with 70 to 79% 
stenosis and maximum profit in patients with more than 80% stenosis (4). 
Different imaging techniques are used for diagnosis of stenosis, each one has its 
own advantages and limitations. Digital subtraction angiography is a safe but invasive 
procedure with a small risk of complications (5). Further, as a planar imaging modality, 
it also does not allow 3-dimensional reconstruction of vessel anatomy.  Advances of 
non-invasive, tomographic imaging modalities including CTA and MRI/MRA allow 
detailed visualization of vessel anatomy including 3-dimensional reconstruction and 
assessment of stenosis severity (6). MRI is particular attractive because of the lack of 
radiation exposure and the feasibility of angiographic imaging without contrast 
administration. Specifically, ‘time-of flight’ (TOF) MRA has been shown to be highly 
accurate in detecting high-grade ICA stenoses, with sensitivity and specificity similar to 
contrast-enhanced (CE) MRA (sensitivity 91.2% vs. 94.6%;  specificity of 88.3% 
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vs91.9% (2). However, other studies reported that TOF-MRA has a tendency to 
overestimates the degree of stenosis (7). 
 Further MRI allows flow visualization and quantification. Prior studies in 
phantoms and in-vivo found good agreement between flow rates measured by gradient 
echo sequence and Doppler (8). MRA Flow velocities can be used to calculate the 
degree of a possible stenosis (9). Combination of different MRI acquisitions allow 
simultaneous anatomic visualization and blood flow measurements within cerebral 
arteries (10). 
Non-invasive evaluation of vascular anatomy with MRI has a potential role in 
the initial diagnosis of carotid stenosis prior to revascularization but also during follow-
up after the procedure. In-stent restenosis ’ISR’ of intracranial stents occurs in up to 25-
35% of patients (4, 10-12). Definitive detection of ISR depends on conventional 
invasive angiography, because of its high spatial resolution and superior visualization of 
the stented lumen. The non-invasive imaging modalities including CTA, ultrasound, and 
MRI are limited due to artifacts caused by the metallic stent material furthermore; stents 
are radio-opaque which hampers diagnosis if in stent restenosis occurred. (13, 14).  
With MRI imaging, metal related signal void and artifacts limit lumen visualization and 
may mimic luminal narrowing (15). A potential solution is measuring blood flow within 
the stented vessel to detect ISR depending on its physiologic, hemodynamic 
significance rather than its anatomic appearance. 
The aim of this project was to develop a new technique for the follow-up examination 
of patients who were treated by balloon angioplasty and stenting for symptomatic 
stenosis of the internal carotid artery or major intracranial arteries. Our goals are to 
implement and optimize sequences for quantitative MR angiography, allowing spatial 
and time-resolved flow encoding, estimation of the flow velocity, and better 
characterization of stenosis and assessment of its degrees. Among our objectives was to 
find a relation between flows in both sides in healthy subjects, to allow us setting a 
baseline above which we might expect stenosis obscuring flow. 
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2-Literature Review 
Chapter One: Anatomical Overview  
In this chapter, an overview of the anatomy of the internal carotid artery, middle 
cerebral artery, and vertebral artery will be discussed.  
2.1.1: Internal carotid artery 
There are two internal carotid arteries on each side of the neck arising from the 
ipsilateral common carotid artery. The right common carotid artery originates from the 
brachiocephalic artery; the left common carotid artery originates from the arch of the 
aorta. From its origin to its bifurcation, it runs close to the internal jugular vein and 
vagus nerve under the anterior border of the sternocleidomastoid muscle. It divides into 
external and internal carotid arteries at the upper border of the thyroid cartilage. The 
external carotid artery gives branches to supply the neck, face, and scalp structures. It 
runs in the neck first medially and then posteriorly and laterally to the internal carotid 
artery until it enters the parotid gland, where it divides into superficial temporal and 
maxillary arteries. The anatomy of the internal carotid artery is shown in figure 1. 
 
Figure 1: Anatomy of the common carotid artery and its branches (16).  
The internal carotid artery provides blood supply to the forehead, part of the nose, eye, 
and brain. This artery is divided into cervical, petrous, cavernous, and cerebral 
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segments. The cervical segment starts after its origin from the common carotid artery, 
where it ascends in the carotid triangle anterior to the transverse process of the upper 
cervical vertebrae. It lies in the carotid triangle together with the internal jugular vein 
and the vagus nerve. The sternocleidomastoid muscle covers it anterolaterally. The 
petrous segment starts as it passes through the carotid canal in the petrous portion of the 
temporal bone to enter the cranium. The cavernous segment begins as the artery passes 
in the carotid groove through the cavernous sinus alongside the sphenoid bone body. It 
terminates in the anterior perforated substance by dividing into the anterior and middle 
cerebral arteries. Additionally, it gives rise to the ophthalmic artery, posterior 
communicating artery, and anterior choroidal artery.  
2.1.2 Vertebral artery 
The two vertebral arteries originate from the first segment of the subclavian artery. They 
ascend through the foramina of the transverse processes of the upper 6 cervical 
vertebrae to enter the cranium through the foramen magnum. They unite at the inferior 
border of the Pons to give rise to the basilar artery. The basilar artery ascends across a 
groove along the anterior pontine surface. The basilar artery supplies blood to the inner 
ear, rhombencephalon, and cerebellum. The artery ends by dividing into 2 posterior 
cerebral arteries on each side. 
2.1.3: Middle cerebral artery 
This artery originates as one of the two terminal branches of the internal carotid artery. 
It is located in the lateral cerebral sulcus and supplies the whole lateral cerebral surface 
except for a strip along the superolateral margin, occipital pole, and inferolateral 
cerebral surface, which is supplied by the anterior cerebral artery; the posterior cerebral 
artery supplies the remaining cerebral sections. The middle cerebral artery provides 
blood supply to cerebral motor areas as well as the internal capsule. It is divided into 
four segments: the sphenoidal segment (M1) travels from its origin from the internal 
carotid artery to its bi/trifurcation. The insular segment (M2) crosses the Sylvian fissure. 
The operator segment (M3) emerges from the fissure, and  the cortical segment (M4) is 
the last segment of the artery (16). 
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Chapter Two: Intracranial Stenosis 
2.2.1: Burden of disease 
Stroke is the second leading cause of death globally following coronary heart disease 
(17). Almost one million patients suffer a first ischemic stroke in the European Union 
every year  (18) . In Germany, a rise in the incidence rate of ischemic stroke ranging 
from 1.5-1.9 million cases from 2006 to 2025 is expected. This represents a major 
financial burden for health care. For example it will add more than 51 billion Euros to 
healthcare costs in Germany (19), represents 3-4% of healthcare expenses in the 
Netherlands (20). The estimated annually cost in the USA is  57 billion$(1). 
2.2.2: Epidemiology 
Intracranial stenosis affects mainly the MCA specifically its 1st and 2nd segments 
followed by internal carotid, vertebral and basilar arteries (21). Stenosis affecting the 
vertebral-basilar circulation results in 20 % of stroke (22). Stenosis prevalence varies 
with ethnic group, reaching  33-50% in Chinese patients (23) , up to 29 % in African 
American,11%  Hispanics 11 % and 6-10% in Caucasian (24).  
Risk factors  
There are multiple risk factors for developing intracranial stenosis, some of which are 
modifiable and others are not. 
Race: Prevalence is higher among African American, Hispanics and Asians compared 
to White populations. Whites suffer from stenosis at origin of ICA while African 
Americans suffer more from stenosis of main MCA and supra-clinoid segment of ICA 
(24). 
Age: Prevalence rises as age increases especially when diabetes mellitus, hypertension, 
hyperlipidemia are present (21). 
Sex: Stenosis is more prevalent among men compared to women. In younger patients, 
stenosis affects mainly basilar artery (25). 
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Genetics: Several genetic factors share in the pathogensis process of stenosis such as 
angiotensin converting polymorphism, plasma homocysteine levels, glutathione S 
transferase omega 1 gene polymorphism. They might impair angiogensis or promote 
vascular smooth muscle proliferation and endothelial injury (26, 27). Other modifiable 
risk factors include hypertension (28), metabolic syndrome (29) impaired lipid 
metabolism and Diabetes Melitus share in pathogenesis process. Increased incidence is 
associated with increased total cholesterol level and low density lipoprotein. Diabetes 
impairs fibrinolytic activity through which it induces stenosis (30). Patients with 
intracranial stenosis suffer from diabetes more than those with extracranial stenosis 
(29).  
Pathophysiology  
Stenosis usually caused by an atherosclerotic plaque that starts by monocyte migration 
into the subendothelial space and their conversion into macrophage. Macrophages 
engulf lipids and transform to foam cells which accumulate and form plaque. Later 
smooth muscles migrate to intimal layer and produce collagen which augment plaque 
progression and fibrous cap formation. Plaque narrows the vessel lumen with 
subsequent hypoperfusion and thromboembolism distal to the narrowed area. () 
2.2.3: Imaging techniques for clinical diagnosis  
Neuroimaging techniques have an important role in diagnosis of intracranial 
atherosclerotic diseases either through vessel visualization or determining their flow 
characteristics. They can establish diagnosis of acute ischemic stroke, determine 
eligibility for thrombolytic therapy or for endovascular revascularization, detect large 
artery occlusion, assess viable ischemic brain tissue, and assess cerebral collateral 
circulation (31) .  
2.2.3.1: Transcranial Doppler 
Doppler techniques provide non-invasive, fast dynamic real time evaluation of 
intracranial vessels and stenosis. It could be performed bedside, many times with no 
harm to patients.  They measure blood flow velocity which detects and grades stenosis 
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depending on peak systolic velocity, mean systolic flow velocity, velocity ratios of 
segments before and after stenosis (32). They can evaluate presence of collaterals at 
Circle of Willis and their sufficiency that has significant impact on prognosis. Definite 
cut off values have been set for accurate diagnosis of MCA stenosis. In case of 50% and 
75 % stenosis, the peak systolic velocity is 140 cm/s and 180 cm/s.  
Transcranial color-coded Doppler sonography (TCCD) can differentiate accurately 
between MCA trunk stenosis and stenosis of the terminal part of the ICA (33). Doppler 
Techniques  can differentiate between intracranial and extracranial sources of emboli 
(34).  In table 1, an explanation of criteria and their quantitative values that aid in 
diagnosis of internal carotid artery stenosis using Doppler ultrasound is shown. 
Diagnosis is according to North American symptomatic Carotid Endarterectomy Trial 
Classification (35). Potential limitations include high operator dependency, potentially 
limited windows (5) and results might be influenced by differences in location and 
number of stenosis (32).  
Table 1: Diagnostic criteria for the determination of internal carotid artery stenosis 
using spectral Doppler Ultrasound (35). 
Percent stenosis  
(NASCET) 
Systolic velocity  
cm/sec 
Peak systolic 
velocity ratio ICA 
PSV /  CCA PSV 
St Mary ratio 
ICA PSV / 
CCA EDV 
<50 <125 <2 8 
50-59 >125 2-4 8-10 
60-69 >125 2-4 11-13 
70-79 >230 >4 14-21 
80-89 >230 >4 22-29 
>90 but < near occlusion >400 >5 >30 
Near occlusion High, low string flow Variable Variable 
Occlusion No flow Not applicable Not applicable 
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2.2.3.2: Computerized tomography angiography (CTA) 
Contrast enhanced CTA is a non-invasive tool allowing precise visualization of lumen 
and vessel wall. Advantages are high spatial resolution and ability for 3D multiplanar 
reconstruction, less distortion artifact and a high acquisition speed that provides 
excellent appreciation of anatomic relationships among vessels, bones and soft tissues. 
CTA is almost 100% sensitive for detecting intracranial occlusion when compared to 
DSA (36). When stenosis is more than 50%, the sensitivity reaches 97.1% while 
specificity is 99.5%. This technique can also detect the vessel patency in posterior 
circulation. It offers a high inter-reader reliability in quantification of stenosis. It is 
independent of hemodynamic effects. CTA involves the application of X ray emitted 
from gantry at different angles obtaining projection images that are analyzed and 
provide the opportunity for reconstructed images. This allows limitless reformation of 
potential angiographic planes for any LAO,/RAO angulations (6).  
Limitations include radiation exposure , risk of nephrotoxicity due to contrast injection,   
artifact caused by vessel wall calcification and metal artifact, limiting assessment in 
patients with advanced, calcified atherosclerotic disease and after vessel stenting (36). 
CTA is not suitable for arteries smaller than 0.7 mm (37). Window and level settings 
should be optimally adjusted to precisely visualize vessels to avoid over or 
underestimation of stenosis. It demands high skill for optimal contrast gradient-timing 
so as to avoid contamination with adjacent structures (6). . 
 
Figure 2 illustrates stenosis of the MCA and VA diagnosed with CTA (5). 
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2.2.3.3: Digital Subtraction Angiography (DSA) 
DSA is the gold standard for evaluating intracranial stenosis and occlusion. It is 
performed through injecting a radio-opaque dye via an intra-arterial catheter through 
either the femoral or radial arteries. Two to four images per second are produced using a 
digital plate panel detector. Visualization of arterial structures is performed by 
subtracting the pre-contrast images from the post-contrast injection and removing bones 
and soft tissues. The data can be recalled for viewing on a video screen, and successive 
images can be created allowing for detection of abnormalities. The serial images show 
changes in the contrast appearance over time (temporal subtraction) and at varying X-
ray intensities (energy subtraction). If no technical complications are encountered, most 
examinations can be completed in 25 to 45 minutes (38). 
DSA has multiple advantages including its ability to provide anatomic localization, 
excellent visualization of vessel contour in addition to measuring degree and length of 
stenosis ,as shown in figure 3, and assessment of collateral circulation. 3D reconstructed 
images can be incorporated from the raw data to provide even greater detail (6) .  
 
Figure 3: Schematic diagram of a stenosis of the internal carotid artery showing 
NASCET and ECST methods of stenosis calculation (39). 
On the other hand, the major disadvantage is the necessity of highly skilled 
neurointerventional radiologist to perform the study, nephrotoxicity associated with 
iodinated contrast. Small risk of serious complications, including stroke, arterial 
dissections, infection of puncture site, thrombosis of punctured artery resulting in limb 
ischemia and formation of pseudo aneurysms (5). In figure 4, stenosis affecting the right 
vertebral artery is detected with DSA. 
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Figure 4: DSA showing stenosis of the right vertebral artery (arrow) (5). 
2.2.3.4: Magnetic Resonance Angiography (MRA) 
2.2.3.4.1: Phase contrast (PC) and time of flight (TOF) MRA 
Phase contrast MRA techniques utilize the velocity differences which induce phase shift 
of mobile spins due to velocity differences to acquire image contrast in flowing vessels. 
They influence magnetization phase of spin where the phase of immobile spins is zero, 
while for mobile spins, the phase is non zero. Time of flight MRA techniques depend on 
flow and movement of blood protons through the imaging plane. They influence 
magnetization magnitude of spins, where the magnitude of mobile spins is large and 
that of static spins is small, As a consequence contrast between flowing blood and static 
tissues is derived. Both techniques could develop 2D or 3D acquisitions.  
Their advantages include non-invasiveness, absence of radiation exposure and no need 
for iodinated contrast injection with its subsequent sequel. They require very low user 
interaction for acquisition and processing of images. TOF-MRA techniques have 70% 
sensitivity for intracranial stenosis and 81% for occlusion compared to DSA and a 
negative predictive value of 98% for stenosis and 99% for occlusion (6). Phase contrast 
MRA techniques can determine flow direction and velocity. Potential limitations 
include  sequences are susceptible to motion artifacts , to changes in the direction of the 
flow due to its dependence on changes in blood flow, they offers spatial resolution  
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lower compared to DSA and CTA. At highly stenosed points, dephasing artifact and 
loss of flow signal intensity take place reducing its the ability to differentiate between 
high grade stenosis and occlusion (5). Figure 5 shows a posterior cerebral stenosis 
detected with TOF-MRA.  
 
Figure 5: MRA showing stenosis seen in the bilateral posterior cerebral arteries (arrows) 
(5). 
2.2.3.5: Contrast Enhanced (CE) MRA 
In this technique gadolinium is injected to selectively shortens T1 of blood with 
subsequent increase in the magnitude of moving blood while the magnitude of the static 
tissues and veins remain the same to provide better anatomic delineation of vascular 
structures and improve assessment of areas of hanging flow direction (40). It is less 
affected by intravoxel dephasing observed with complex flow. Fewer artifacts are 
observed. 2D and 3D acquisitions could be acquired. 
The most important limitations is gadolinium injection which has multiple side effects 
ranging from nausea, vomiting, allergic reactions (hives, erythema), nephrogenic 
systemic fibrosis in patients with severe renal failure and brain deposit with repeated 
usage. Furthermore expertise is required to time the image acquisition to minimize 
venous contamination (5) . 
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2.2.3.6: High resolution MRI (HR-MRI) 
This technique offers high axial resolution of 250×250 μm (41) by creating thin slices 
through the vessel wall. This permits atherosclerotic plaque imaging especially those 
which still didn't cause stenosis on MRA. This technique can  determine plaque size, 
composition and biological activity(42). This technique is capable of detecting 
etiologies that cause stenosis other than atherosclerotics etiologies. It can be used in 
guiding endovascular intervention of basilar artery (43) . 
2.2.3.7: Quantitative MRA (QMRA) 
QMRA is a technique that is capable of measuring blood flow volume (44). It combines 
time-of-flight MRA and phase-contrast MRA rendering it a unique technique. It can 
analyze arterial waveforms providing potentially important physiologic information in 
patients with various cerebrovascular diseases (45).  
QMRA can be used to assess cerebrovascular circulation in healthy individuals and in 
patients with various cerebrovascular conditions. It is  capable of assessment of vascular  
hemodynamic to stratify risk of stroke  in symptomatic vertebrobasilar disease (46), 
evaluate vertebrobasilar flow in patients with subclavian steal syndrome (47), assess 
blood flow after extracranial artery Wingspan stent placement (48), evaluate 
leptomeningeal collateral blood flow in large vessel cerebrovascular disease (49) and to 
quantify shunt reduction in transarterial embolization of vein of Galen malformations 
(50). 
In QMRA 3D TOF images are acquired with reconstructions in axial, sagittal and 
coronal planes. A 3D surface-rendering of the vascular anatomy is produced to locate 
the desired vessel and a slice is positioned perpendicularly to the vessel. Velocity 
encoding is adjusted automatically and phase images are obtained and forwarded to 
NOVA software containing both magnitude and phase images creating a flow report 
(51). 
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Chapter Three: Fluid Dynamics in Circulatory System. 
2.3.1: Vascular hemodynamic 
Maintaining adequate blood flow is essential for the functioning of various organs. 
Blood flow is defined as the blood volume passing through each point of the vessel in a 
unit of time and is usually expressed in milliliters per minute (mL/min). Pressure is the 
force that pushes the blood through the vessel and is expressed in millimeters of 
mercury (mmHg). Pressure varies over the course of the blood vessel. The pressure is 
produced by the cardiac ventricle and decreases throughout the vessel due to resistance 
that impedes flow. Resistance occurs due to blood viscosity and the radius of the blood 
vessel. Factors affecting flow are estimated through Poiseuille’s law, which states:  
  
     
   
         (1) 
where F is flow, ∆P is the difference in pressure, r is the radius of the blood vessel, L is 
the length of the blood vessel, and   is the blood viscosity. 
In a healthy individual, viscosity and the length of the blood vessel are constant; 
however, in some diseases, viscosity is changed, which affects resistance. Vessel radius 
exerts the most powerful effect on resistance, so that with small variations in radius, 
resistance will vary dramatically (as r
4
 is inversely proportional to resistance). Radius is 
therefore the main factor for controlling resistance in the cardiovascular system. Flow is 
proportional to change in pressure. Flow is also proportional to the 4
th 
power of the 
internal radius of the tube, indicating the great effect of the radius on flow. This is 
applicable in cases of unrestricted flow; in arteries, the situation is different as arteries 
are not open tubes (52). 
2.3.1.1: Laminar flow: 
Blood flow in the straight vessels under steady flow situations is laminar. Laminar flow 
occurs when blood moves in layers parallel to the vessel wall. Particles move in a very 
orderly manner. The highest velocity is found in the center of the vessel, and the lowest 
velocity is found along the vessel wall. The direction of the flow is parallel to the vessel 
wall. Normal laminar blood flow may become turbulent when the rate or velocity of 
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blood flow increases, when it passes by an obstruction in a vessel, when it makes a 
sharp turn, or when it passes over a rough surface. Turbulence is related to the diameter 
of the vessel and blood viscosity. 
The Reynolds number (Re) is the most important dimensionless number describing fluid 
flow. As it increases, the probability of turbulence increases: 
Re= ρvD         (2) 
 η  
where ρ is the fluid density, v is the mean fluid velocity, D is the diameter, and η is the 
fluid viscosity. The critical Reynolds number is 2200. Viscous effects are dominant 
with low Reynolds numbers (<2200) and flow is laminar; with high Reynolds numbers 
(>2200), the flow is turbulent (53).  
The Womersley number (α) is another important dimensionless number used for 
pulsatile flow to express the ratio of oscillatory inertia force to shear force. It is 
estimated as follows: 
α=L(
   
 
)
1/2
        (3)                                        
where L is the radius of the vessel,   is the angular frequency of the oscillations,   is the 
kinematic viscosity, and μ is the dynamic viscosity of the fluid. 
Both the Reynolds and Womersley numbers govern dynamic similarity (54). 
2.3.1.2: Turbulent Flow: 
In cases of turbulent flow, the direction of the flow is no longer parallel to the vessel 
wall and blood flows in different directions. Turbulent flow displays rapid variations of 
pressure and flow velocity in time and space. It has crosscurrents and eddies, and the 
fastest velocities are not necessarily in the middle of the stream. In accelerating flow, 
turbulence is delayed, whereas it occurs faster in decelerating flows (55). Turbulent 
flow occurs distal to a stenosis because fluid accelerates in the narrow segment of the 
stenosis and decelerates in the distal expanding segment. In severe stenosis, turbulence 
can begin with Reynolds numbers as low as 50 (55). This turbulence widens the vessel 
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after the stenotic segment. The flow pattern for both types of flow is shown in figure 6; 
the first image represents laminar flow, in which streamlines flow parallel to the vessel 
wall in an organized arrangement, and the second image represents turbulent flow, in 
which streamlines run randomly in a chaotic pattern. 
 
Figure 6: Types of flow (52). 
2.3.1.3: Bernoulli’s principle 
The basis of Bernoulli’s principle is conversion of energy, where kinetic energy and 
pressure energy are interconverted. The principle states that in steady flow, the sum of 
all forms of energy of a fluid along a streamline is the same at all points, so the sum of 
kinetic energy, potential energy, and pressure energy remains constant. When fluid 
passes through a stenosis, kinetic energy increases, velocity increases, and pressure 
decreases (53). Figure 7 illustrates this principle: the cross-sectional area is reduced in 
the middle of the tube with subsequent velocity increase. In the distal part of the tube, 
velocity decreases as area increases. 
 
Figure 7: Diagram showing Bernoulli’s principle. (A) stands for cross-sectional area, 
(V) stands for velocity, Pr.E. stands for pressure energy, and K.E. stands for kinetic 
energy (56). 
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2.3.2 Flow in stenosis 
According to Bernoulli’s law, acceleration of the flow decreases the local pressure at the 
neck of a high-grade stenosis, and in highly advanced situations, the external pressure 
may be higher, leading to collapse of the artery at the neck due to insufficient pressure 
to maintain the lumen patency. Consequently, there is a critical degree of stenosis for a 
given flow rate above which the pressure cannot overcome the energy loss at the neck 
and the stenosis will collapse, resulting in choking of the flow. Downing and Ku found 
that in a one-dimensional model with 80% degree of stenosis, there was a >100-mmHg 
decrease in local pressure, and the flow was choked at a velocity of 0.3 m/s (57). These 
values are in the physiological range, and this scenario is very likely to occur in vivo, 
although the collateral circulation might affect the outcome. A larger pressure decrease 
because of stiffer stenosis will result in collapse of the vessel (58). Rosenfeld and Einav 
demonstrated that as the stenosis becomes more serious, the strength and total number 
of vortices increase, creating a train of vortices whose front propagates at a much higher 
speed because of vorticity multiplication (59). Pressure decrease across the stenosis is 
affected minimally by the eccentricity of the stenosis; however, it is dominantly affected 
by the length of the stenosis (60). In figure 8, the effects of 50% and 75% vessel 
stenosis on streamlines and velocity vectors are illustrated.   
 
Figure 8:  Symmetry plane of a 3D vessel showing streamlines and velocity vectors for 
axisymmetric decrease in vessel radius by  (a) 50% and (b) 75% (61). 
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As the degree of stenosis increases, turbulence is likely to occur downstream of the 
stenosis, even in cases with moderate Reynolds numbers. For pulsatile flow, velocity 
fluctuations decrease as the flow accelerates and increase during deceleration. The 
turbulent intensity is also greater in a narrower stenosis (62). 
Johnston and Kilpatrick demonstrated that with a mild smooth stenosis, there is a lower 
pressure decrease, whereas for a serious smooth stenosis, the pressure decrease is 
actually higher than for its irregular counterpart. Blood hemodynamics through a 
stenosis are affected by geometric and physiological features such as curvature, extent, 
and stenosis asymmetry, as well as the shape of the pulsatile waveform (63).  
2.3.4: Factors affecting blood flow 
Cardiac output, the amount of blood pumped to the aorta by the heart each minute, 
equals 5 L/min. As the pressure difference increases, flow increases; as resistance 
increases, flow decreases. Regulation of blood flow through a blood vessel is 
determined by blood pressure and resistance. Resistance depends on blood vessel 
length, viscosity, and lumen size (64). 
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Chapter Four: Magnetic Resonance Imaging 
2.4.1: Overview of MRI  
Hydrogen atoms are the most abundant atoms in the human body. The nucleus of a 
hydrogen atom has a magnetic field around it, which is randomly oriented in the 
absence of a magnetic field. In the presence of a magnetic field, the net magnetization 
vector is the net magnetic moment of hydrogen ions reflecting the relative balance 
between spin-up and spin-down nuclei. Each hydrogen nucleus is spinning on its axis. 
When an external excitation pulse is applied, magnetization occurs in the transverse 
plane, producing an MR signal in a receiver coil. Two exponential processes occur in 
the tissue: T1 recovery, in which longitudinal magnetization recovers, giving energy to 
the surrounding lattice (spin lattice relaxation); and T2 decay, in which magnetic fields 
of neighboring nuclei interact with each other, leading to decay of transverse 
magnetization (spin-spin relaxation).   
MRI sequences consist of radiofrequency excitation pulses and gradients for spatial 
encoding (2D or 3D). The user must choose the sequence parameters (TR, TE, matrix, 
flip angle, field of view) that will produce the best compromise among contrast, speed, 
and spatial resolution. There are 2 main sequence families: spin echo sequences and 
gradient echo sequences, which differ based on the type of echo recorded. 
In this chapter, an overview of gradient echo pulse sequence, frequency encoding, phase 
encoding, 3D spatial encoding, signal to noise ratio, spatial resolution, MRA, and 
cardiac triggering will be provided. 
2.4.2: Gradient echo pulse sequence 
The gradient echo pulse sequence uses variable radiofrequency excitation pulses, 
flipping the magnetization vector through variable flip angles less than 90° and 
converting part of the longitudinal magnetization in the transverse plane, which induces 
a signal in the receiver coil. A bipolar readout gradient is needed for echo creation, as 
no 180° refocusing pulse is applied. The design of this sequence is shown in figure 9. A 
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dephasing gradient is applied before the frequency-encoding gradient, resulting in an 
echo. The readout gradient has a dephasing stage and a rephrasing stage. The dephasing 
stage is in reverse sign of the readout gradient and matches half of the reading gradient 
dephasing effect. In the first half of the readout, the readout gradient rephases the spins; 
dephasing of spins takes place in the second half because of the readout gradient 
dephasing effect. Echo time is the time between the application of the radiofrequency 
pulse and the signal peak induced in the coil. The flip angle sets the magnetization 
portion in the transverse plane (that produces the NMR signal) and the quantity of 
magnetization on the longitudinal axis. A flip angle less than 90° is applied, decreasing 
the amount of magnetization into the transverse plane; therefore, longitudinal 
magnetization recovers more rapidly, allowing for lower TR/TE and minimizing scan 
time. Short TR offers new contrasts between tissues and a stronger MR signal. 
However, there is a lack of compensation for magnetic field inhomogeneities with this 
technique. Gradient echo pulse sequences also contain susceptibility artifact.  
 
 
 
 
 
 
 
Figure 9: Gradient echo sequence (65). 
2.4.3: Frequency encoding 
Frequency encoding involves assigning the signal coming from the slice along the long 
axis of the anatomy. A linear change of the precessional frequency of the signal along 
the axis of the frequency encoding gradient occurs when it is turned on and subsequent 
frequency dependent signal location along the axis of the gradient takes place. Each 
26 
 
signal sample corresponds to a given piling-up of the gradient effect on the whole splice 
signal: the longer the time, the more the spins are affected by the gradient and the 
greater their phase modification. The gradient is turned on during the rephasing and 
dephasing portions of the echo and the peak. The frequency field of view is the size of 
the anatomy covered during the scan and is defined by the steepness of the slope of the 
frequency encoding gradient. All signals from the same slice are kept in k-space and 
then processed to form an image of the slice plane. 
2.4.4: Phase encoding 
This process involves assigning the signal coming from the slice along the short axis of 
the anatomy either in the horizontal or vertical direction. When the gradient is turned 
on, protons precess in different phases. The slope steepness of the phase encoding 
gradient defines the degree of phase shift between two points along the gradient. In the 
absence of phase encoding, the signal will originate from the whole slice; for this 
reason, multiple phase encoding steps are required to obtain enough data to reconstruct 
the image. To perform the various phase encoding steps, the gradient is applied with 
various regularly incremented values. 
2.4.5: 3D Spatial encoding 
In 3D acquisitions, an entire volume or a thick slice is excited at every repetition, and 
phase encoding is added in the 3rd dimension with respect to the phase and frequency 
encodings. This increases the acquisition time, spatial resolution, and signal to noise 
ratio and permits fine section and multiplanar reconstructions. 
The duration of a 3D imaging sequence is defined as 
Duration = TR · NPy · NPz · Nex 
where TR is the repetition time, NPy is the number of encoding steps in the y-axis, NPz 
is the number of encoding steps in the z-axis, and Nex is the number of excitations. 
2.4.6: Signal to noise ratio (SNR) 
SNR is the ratio of the amplitude of the signal obtained to the average amplitude of the 
background noise. Precession of the net magnetic vector in the transverse plane creates 
signal in the receiver coil. Frequencies present randomly in space and time, which 
27 
 
creates noise, distorting the signal from transverse magnetization of spins and degrading 
image information. The factors affecting SNR include: 
1. Magnetic field strength of the system: As the field strength increases, more 
magnetization is available for spins, increasing SNR. 
2. Proton density of examined area: This determines the amplitude of the signal 
received: the higher the density, the higher the signal received. 
3. TE, TR, and flip angle: These factors control the degree of magnetization and 
hence the amplitude of the signal. A long TR increases SNR, whereas a long TE 
decreases SNR. The lower the flip angle, the lower the SNR. 
4. Voxel volume: This is the volume of tissue within the patient. Large voxels 
contain more spins, producing a higher signal. Voxel is determined by the pixel 
area and slice thickness, where pixel area = FOV dimension / matrix size. 
5. Receive bandwidth: The receive bandwidth represents the range of frequencies 
sampled during application of the readout gradient. A decrease in receive 
bandwidth leads to less sampled noise compared to signal, decreasing the 
readout gradient intensity and causing slower sampling of the signal. 
Background noise has a fixed intensity at all frequencies. 
6. Number of excitations (NEX): NEX is the number of times in which data are 
gathered with the same phase encoding slope amplitude. It defines the amount of 
data stored in each K-space line. Doubling the NEX doubles the data containing 
both noise and signal. Noise is random, but signal is not; doubling NEX 
increases the SNR by √2. 
7. Coil type: The coil type affects the amount of received signal and SNR. Coil 
position is also important; the volume of the imaged tissue must fill the sensitive 
volume of the coil optimally to improve the signal received. 
2.4.7: Spatial resolution 
Spatial resolution refers to the ability to clearly distinguish between two separate points. 
It is controlled by voxel size; small voxels result in good spatial resolution and vice 
versa. Spatial resolution increases with increases in the matrix but decreases with 
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increasing FOV and slice thickness. Square pixels offer better resolution than 
rectangular ones, as the image is equally resolved along the frequency and phase axis.  
2.4.8: Magnetic resonance angiography (MRA) 
There are special MRI techniques that maximize vascular contrast by enhancing signal 
from flowing blood or suppressing signal from stationary tissues. 
MRA techniques include: 
1. Time-of-flight MR angiography (TOF-MRA) 
2. Phase-contrast MR angiography (PC-MRA) 
2.4.8.1: Time of flight MRA (TOF-MRA) 
With this technique, signal depends on flow-related enhancement providing information 
about flowing blood perpendicular to the slice plane.  It applies an incoherent gradient 
echo pulse sequence and gradient moment rephrasing to saturate stationary spins and 
fully magnetize inflow spins, producing a high vascular signal with proper flip angles 
and TR values. TOF-MRA can be acquired with 2D or 3D acquisitions. 3D acquisitions 
are optimal for obtaining high-resolution images and for evaluating smaller vessels with 
high-velocity blood flow (intracranial vessels). 2D TOF-MRA acquisitions can evaluate 
slow flow, providing a wider area of coverage.   
A saturation pulse is placed outside of the imaging volume in the direction of flow to be 
suppressed to avoid potential pitfalls. TOF-MRA is sensitive to flow perpendicular to 
the FOV and slice. Any flow parallel to the FOV can be saturated along with the 
stationary tissue, especially if the flow velocities are slow relative to the TR. Tissues 
with short T1 times (such as fat or hemorrhage) will be bright on TOF-MRA images. 
TE should be kept short to minimize intravoxel dephasing, phase ghosting, and 
subsequent signal loss. Magnetization transfer contrast and TE are applied to minimize 
unwanted background signals. 
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The advantages of TOF-MRA include sensitivity to slow flow, reduced sensitivity to 
intravoxel dephasing, and reasonable scan time. Its disadvantages include sensitivity to 
T1 effects; additionally, saturation of in-plane flow and enhancement are limited to flow 
entering the field of view or very high-velocity flow. 2D-TOF offers a large area of 
coverage yet has lower resolution than the resolution of 3D inflow studies. 2D-TOF also 
shows saturation of in-plane flow, and patient motion can cause data misregistration 
between the individually acquired slices; vessel borders may appear serrated. 3D-TOF 
offers high resolution for small vessels and is more tolerant of patient motion, 
demonstrating high SNR where vessels appear less serrated on the reformatted image. 
However, 3D-TOF also shows saturation of in-plane flow and has a small area of 
coverage. 
2.4.8.2: Phase-contrast MRA 
Phase-contrast MRA is a sequence related to in-phase change of flowing blood. This 
variation relies on blood velocity, flow direction, and the type of scan used. It provides 
information about vascular anatomy, flow velocity, and flow direction. Blood flow 
velocity differs based on physiologic status, type and size of vessel, and pathology 
within the vessel. An oscillator in the scanner electronics is used as a reference to detect 
phase shift and is also used for position encoding in MRI. Phase has a 360° range, 
beyond which the same values repeat, causing aliasing. 
The phase-contrast sequence is a gradient echo pulse sequence with small flip angles to 
prevent saturation and with additional gradient pulses that create changes in the nuclear 
phases of flowing blood spins. Applied bipolar gradient pulses, including pulses with 
two lobes equal in strength but opposite in charge, allow for differentiation between 
stationary tissues and spins within flowing blood by manipulating the phase position of 
spins. The PC sequence has high sensitivity to fluid motion, so it can be used in clinical 
blood flow analysis. It can also be used to evaluate blood flow with multiple directions 
and multiple velocities. This technique can create two types of images: magnitude and 
phase images. In magnitude images, vessels show high signal and a suppressed 
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background because of short TR, allowing incomplete recovery of magnetization. In 
phase images, the signal is linearly proportional to the velocity of the blood. The 
direction of flow appears bright when flow is in the same direction as the velocity 
encoding gradient, whereas flow in the opposite direction appears black. This technique 
can therefore be used to localize vessels that can then be more thoroughly evaluated 
with other techniques. 3D techniques offer an SNR and spatial resolution better than 
those of 2D techniques and also offer the ability of reformatting. 3D PC-MRA images 
are acquired for smaller vessels, when multidirectional vascular information (eg, flow 
velocity and flow direction) is required. 2D PC-MRA techniques provide information 
about direction and velocity of flow in addition to information about multidirectional 
flow in a reasonable scan time.  
Precise lumen area delineation demands high in-plane resolution, which is necessary to 
accurately estimate the mean vessel velocity. The signal level of adjacent tissues 
controls the partial volume effects at vessel edges, and thicker slices will misalign; 
therefore, thin slices and high spatial resolution are important to overcome these effects. 
Voxels' dimensions and their alignment with flow are also important, as it may contain a 
range of velocities (65). 
2.4.8.2.1: Velocity encoding 
Phase-contrast MRA is sensitive to flow, offering the ability to acquire functional blood 
quantification and morphological data simultaneously. Flow-dependent phase effects 
are used to quantify flow by applying appropriate velocity encoding gradients. Two 
datasets with different velocity-dependent signal phases and with identical acquisition 
parameters are subtracted to calculate the velocities of moving spins. Bipolar gradients 
are used for velocity encoding, as these result in no phase encoding of stationary spins; 
for moving spins, phase change is proportional to gradient amplitude and duration and 
is linearly dependent on flow velocity. Velocity-dependent phase shifts can be 
determined by adjusting the first gradient moment (M1) through a change in total 
bipolar gradient duration and/or gradient strength G. M1 sets the velocity induced signal 
phase for the fixed velocity approximation so that appropriate control of the first 
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gradient moment can be utilized to encode spin flow. For filtering background phase 
effects (φ0) due to field inhomogeneity, two measurements with variable first moments 
(M1
 (1)
) and (M1
(2)
) (inversed gradient polarities) are used to isolate the phase shifts due 
to velocity and to encode flow along a single direction. Phase images of these two 
measurements are subtracted, resulting in phase differences (Δφ) that are directly 
proportional to the encoded velocities (v) and differences in first gradient moments (ΔM 
=M1
 (1)
-M1
 (2)
)
 
(66). The design of a PC sequence with flow-compensated and flow-
encoded gradients is shown in figure 10. 
 
Figure 10: PC sequence using flow compensated and flow encoded gradients (67). 
Velocity encoding works only in the phase range of -π to π. The maximum velocity 
needed for a phase change of π is calculated as venc= πγΔM1; this equation determines 
the possible velocity sensitivity. Velocity encoding is defined by the difference between 
the first gradient moments used for velocity encoding. The highest expected velocity 
should be used to set the velocity encoding (venc-factor) to avoid phase wrapping. 
Linear flow results in velocity dispersion with subsequent phase dispersion within a 
voxel, and net signal loss from flowing spins occurs. This velocity-dependent phase 
dispersion can be corrected with velocity compensation. This is achieved by adding 
positive and negative areas to the gradient pulses used for slice selection and readout. 
Flow compensation gradients null phase dispersion effects. In flow compensation, a 
reference scan is acquired with vanishing zero and first gradient moments, and then a 
second scan is acquired for velocity encoding with added bipolar gradients and identical 
parameters. A diagram of a PC pulse sequence with flow-encoded and flow-
compensated gradients is shown in figure 10 (68). The reference scan produces 
background phase images only (M1
 (1)
 =0), whereas the second flow-sensitive scan is 
used to determine velocity sensitivity (venc=πγΔM1 (2)). The phase-contrast sequence is 
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sensitive for the velocity component along the flow-encoding gradient only; therefore, 
one dedicated flow-encoding gradient for each orthogonal direction of space is required. 
A PC sequence is composed of four acquisitions: one flow-compensated measurement 
and three flow-encoded acquisitions in the X, Y, and Z directions. Phase and magnitude 
images are obtained by subtracting flow-encoded and flow-compensated datasets (68). 
 
2.4.8.2.2: Physical limitations of MRI derived velocity estimation 
1-Spatial resolution effects 
Short TR values are required to perform temporal acquisitions, consequently limiting 
the available spatial resolution. Poor spatial resolution leads to partial volume effects in 
which a pixel will include spins at different velocities, including stationary spins, 
leading to an average pixel value that underestimates the true peak velocity value (69). 
Poor spatial resolution decreases the capability to detect small vessels during diastole 
when the signal is low, inhibiting accurate ROI selection for flow quantification. The 
change in velocity is masked by additional averaging in the through-plane direction that 
occurs when slice thickness is larger than the in-plane (x,y) resolution by a factor of >2  
(70). 
2-Angular dependence 
To perform velocity encoding in the through-plane direction, the image plane should be 
perpendicular to flow direction. When the scan plane deviates from the flow direction 
by angle β, the velocity (v) will decrease to vcosβ. The slice thickness will also add to 
errors because of nonorthogonal scan planes ((69),(70)).  
3-Velocity encoding limitations 
Inappropriate venc values lead to phase unwrapping and signal loss. Venc settings 
should be set 20% higher than the greatest expected velocity; higher venc settings will 
have a negative influence on the SNR of the phase image, which will subsequently 
influence the precision of the maximum velocity values. This has been shown in vitro 
for steady-state flow; for pulsatile flow, which demands the detection of high systolic 
peaks and low diastolic velocities, data are lacking (70).  
33 
 
2.4.9: Triggering 
2.4.9.1: Cardiac Triggering  
Cardiac triggering synchronizes a pulse sequence to the cardiac cycle of the subject. 
Pulsatile blood flow produces phase mismapping. Cardiac triggering forms images at 
various cardiac phases with the goal of acquiring an entire set of consistent k-space data 
at approximately the same portion of the cardiac cycle, free of motion artifacts. It uses 
the electrical cardiac signal or vascular bed mechanical flow for triggering each pulse 
sequence; this can be achieved through ECG triggering or peripheral triggering. Figure 
11 shows slice acquisition with ECG triggering.    
2.4.9.2: Peripheral Triggering 
This method depends on the optical properties of the blood. A photosensor is attached to 
the subject’s finger to detect the increase in blood volume in the capillary bed during 
systole; this affects the amount of light reflected back to the sensor, and a waveform is 
obtained. There are two types of peripheral monitors. The first is a cutaneous blood 
flowmeter, which detects the Doppler frequency shift of reflected light and thus 
measures blood flow through the capillary bed. The second is a pulse oximeter, which 
measures the attenuation of transmitted laser light. Two different wavelengths of light 
(eg, 650,805 nm) are used in addition to proper calibration to determine the percent 
oxygenation of the blood. Peripheral gating is convenient and is suitable for imaging the 
brain and vessels away from the heart. 
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Figure 11: Slice acquisition with ECG-gated sequence. Each slice is obtained at the 
same phase of the cardiac cycle (65). 
2.4.9.2: Limitations 
There are delays in pressure wave propagation where a marked delay (150-500 ms) 
between the R wave of the ECG and the peak of the peripheral pulse occurs, so there is 
no synchronization and the systolic pulse is not simultaneous with the left ventricle 
contraction. Images acquired immediately after the trigger decrease in diastole and 
systole might be lost in the arrhythmia rejection period at the end of the cycle. The 
amount of delay depends on the position of the probe. Moreover, the wave peak 
detected is broader than those detected with ECG, resulting in inaccuracy in the 
triggering time (71). 
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3-Materials and Methods 
3.1: MRI Scanners 
Three MRI scanners were used for conducting measurements of this research work. 
These systems are produced by Siemens Healthcare (Erlangen, Germany) and are 
suitable for flow measurements. Their details are highlighted in table 2. 
Table 2:  Characteristics of MRI scanners  
Parameter Trio  Vision  Skyra 
Field strength 3 Tesla 1.5 Tesla 3 Tesla 
Bore size 60 cm 60 cm 70 cm 
System length 213 cm 160 cm 173 cm 
Gradient strength 45mT/m @ 
200T/m/s 
30 mT/m @ 125 
T/m/s 
45 mT/m @ 200 
T/m/s 
Slew rate 200 T/m/s 125 T/m/s 200 T/m/s 
 
3.1.1: Magnetom Trio 
The Trio is a 3T MRI scanner. Its magnet offers good homogeneity and signal stability. 
It was used to scan the first and second phantoms. 
3.1.2: Magnetom Vision  
The Vision is a 1.5T MRI scanner used for clinical and research purposes. It was used to 
scan the third phantom.  
3.1.3: Magnetom Skyra  
The Skyra is a 3T MRI scanner used for clinical and research purposes. It was used to 
scan subjects involved in this study (72) .  
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The experimental setup consisted of flow phantoms simulating blood flow through 
blood vessels. Three types of phantom tubes were scanned with the phase-contrast MRA 
(PC) sequence. The MR phase-contrast technique quantifies and displays flow volumes. 
The sequence uses a space-selective radiofrequency pulse followed by flow-sensitizing 
gradients with an echo planar readout. 
3.2: Phantom 
3.2.1: First phantom 
To determine the influence of various MR parameters on the phase behavior of flow, 
serial measurements were conducted for a straight cylindrical tube with a diameter of 8 
mm. The structure of the phantom is shown in figures 12 and 13. This tube was 
connected to a continuous pump that was pumping a mixture of water and gadolinium. 
To estimate the effect of stenosis on phase behavior, a semiflexible tube was inserted in 
the middle of the plate present in the center of the cylindrical tube and 40% to 50% 
stenosis was induced by applying glue to the circumference of the tube. Measurements 
were taken after changes in various parameters, including flip angle, direction of flow, 
venc factor, spatial resolutions, flow volumes, and head and body coil. Repetition time 
and echo time were adjusted automatically by the system itself with changes in 
parameters. The sequence parameters used with each phantom are shown in table 3 
 
Figure 12: Shape of the 1st phantom with extensions at its ends for connection with the 
pump. A semiflexible tube is fixed in the middle. 
Phantom tube  
Semi-flexible tube  
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Figure 13: Connections of the first phantom to the pump. 
Table 3: Sequence parameters used with each phantom. 
Sequence Parameters First phantom Second phantom Third phantom 
TR (ms) Adjusted Adjusted  55 
TE (ms) Adjusted Adjusted  3.5 
Matrix Variable  464*512 184*256 
FOV (mm*mm) Variable  110*122 115*160 
Venc (cm/sec) Variable  150 100 for 8 mm tubes 
200 for 4 mm tubes 
Velocity encoding Through plane Through plane Through plane 
 
3.2.2: Second phantom 
To determine the influence of bending shapes and positions on the phase behavior of 
flow, another phantom composed of flexible plastic tube was used. Different flow 
volumes ranging from 100% (1200 mL) to 10% of maximum pump flow, variable 
bending positions and shapes, and opposite flow directions were applied. The shape of 
the second phantom is shown in figure 14. 
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Figure 14: Shape of the second phantom. 
3.2.3: Third phantom 
For this phantom, the measurement setup was composed of the phantom unit and a 
pump unit connected by 5-m long polyethylene tubes. The pump unit was composed of 
a centrifugal pump providing a continuous flow; it was connected to another diaphragm 
pump by a Y-shaped connector, and both were placed in a basin full of water. The 
membrane pump had a fixed displacement volume and was fed by the continuous 
centrifugal pump to produce physiological pulsatile flow. The flow was adjusted by 2 
screws and was fixed at 0.5 L/min, resembling the physiologic blood flow in healthy 
internal carotid arteries. A control apparatus was used to generate the signal required for 
external ECG triggering. A flow sensor was mounted to a Y-shaped tube to feed the 
signal for the control apparatus. The control and sensor were calibrated so that current 
flow volumes could be read on a display. All of these structures were placed outside the 
magnet; only the phantom was placed inside the magnet. The structure and connections 
of the circuit are shown in figures 15 and 17. 
 
Figure 15: Connections of the phantom to pumps and signal generator. 
Phantom tube  
Control system and sensor Centrifugal pump Membrane Pump 
Phantom inside head coil 
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The phantom model was constructed to mimic the normal anatomy of the internal 
carotid and middle cerebral arteries. The phantom consisted of 4 tubes arranged in 2 
superimposed levels in the middle of acrylic plates placed in a plastic container that was 
filled with water (figure 16). The tubes were made of soft polyethylene. Holes were 
drilled through the acrylic plates so that screws could be passed through to induce 
stenosis (73). The degree of stenosis could be controlled by tightening the screws. In the 
lower level, the tube diameter was 8 mm, mimicking that of the internal carotid artery. 
In the upper level, the diameter was 4 mm, mimicking that of the middle cerebral 
arteries. 
 
Figure 16: Shape of the third phantom. 
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Figure 17: Block diagram showing connection of the circuit of the third phantom. 
Scanning was carried out using a head coil and applying a single slice placed 
perpendicular to the direction of flow involving both tubes at the same time as shown in 
figure 18. To delineate the degree of stenosis, a static 3D gradient echo measurement 
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was obtained with a flip angle of 10º; serial phase contrast measurements were then 
obtained. Magnitude images were used to estimate the degree of stenosis, whereas phase 
images were used to calculate flow volumes. All scanning parameters were the same for 
both tubes except for venc factor; in the 8-mm tubes, a venc factor of 100 cm/s was 
used, whereas for the 4-mm tubes, a venc factor of 200 cm/s was used. Flow velocity is 
expected to be higher with a smaller diameter, so venc was adjusted to prevent a phase 
jump. Scanning began with full stenosis in one limb and with the other limb remaining 
patent. For each measurement, a half screw turn was used to decrease the degree of 
stenosis. The degree of stenosis was later calculated in Matlab.   
 
Figure 18: Scanning plan for phantom tubes in sagittal and coronal planes after 3D 
acquisition. 
3.3: Subject Measurements 
This study included volunteers and patients who were scanned between September 2014 
and August 2015 after the study had been approved by the University of Tuebingen 
Ethical Committee. Informed consent was obtained from all study participants. 
3.3.1: Volunteers 
Twenty-seven volunteers (12 men, 15 women) ranging in age from 23 to 80 years were 
scanned. 
Inclusion criteria: 
Candidates were required to be in good health, aged 18 to 80 years, and able to make 
decisions and provide consent. 
Exclusion criteria: 
Patients with metal in the body, implants in the body, large tattoos, piercing jewelry, 
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braces, retainers, or wires were excluded. Patients who were pregnant or suffered from 
claustrophobia were also excluded. 
3.3.2: Patients  
Fifteen patients (8 men, 7 women) ranging in age from 45 to 80 years were scanned. 
Inclusion criteria: 
Patients with carotid or middle cerebral artery stenosis who were able to make decisions 
and provide consent were included in the study. 
Exclusion criteria: 
Patients with metal in the body, implants in the body, large tattoos, piercing jewelry, 
braces, retainers, or wires were excluded. Patients who were pregnant or suffered from 
claustrophobia were also excluded. 
3.3.3: Scanning Protocol 
All subjects underwent a phase-contrast QMRA examination performed on a 3T 
Siemens Skyra Magnetom in the Department of Diagnostic and Interventional 
Neuroradiology, University Hospital Tubingen. The standard 20-channel head coil or a 
dedicated 32-channel head coil was used. 
 
A)                                                                  B)          
Figure 19: Scanning plan for internal carotid artery (A) and both middle cerebral 
arteries (B). 
Twenty-seven volunteers were examined first with a scout measurement and a T2 
multislice measurement for the localization of carotids and middle cerebral arteries. A 
3D MRA TOF of the head was obtained with the following parameters: TR/TE: 22/3.73 
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ms, flip angle: 18°, FOV: 177.19 mm, matrix: 256 x 256 mm, and section thickness: 0.6 
mm. These images were used to reconstruct a 3D surface rendering of the vasculature, 
which was used to determine the scan plane perpendicular to the vessel of interest. In 
scans of the internal carotid artery, a single slice was placed, as shown in figure 19A. In 
scans of the middle cerebral artery, 2 slices were placed perpendicular to each artery, as 
shown in figure 19B, and cardiac gated phase contrast of the selected vessels was then 
performed with the following parameters: TR/TE: 43.84/6.94 ms, flip angle: 15°, FOV: 
150 mm, matrix: 179 x 256 mm, slice thickness: 0.5 mm, and venc: 100 cm/s in the 
through-plane direction; for carotids, venc = 200 cm/s was used. Two volunteers were 
scanned with varying spatial resolutions (1 mm, 0.9 mm, 0.6 mm, 0.5 mm), and 
different velocity-encoding directions were assessed in one volunteer.  
To estimate the effect of hand movement on middle cerebral arterial blood flow, a 
volunteer was scanned twice at rest and then with right hand movement followed by left 
hand movement. For patients, the degree of stenosis was obtained from conventional 
MRA scans performed by a neurointerventionalist blinded to flow measurements on 
QMRA.  
3.3.4: Data Analysis 
3.3.4.1: Matlab 
Measurements with the described phase-contrast sequence provided two images, a 
magnitude image and a phase image. A code created with Matlab (Mathworks Natick, 
MA, USA) was used to analyze and quantify flow using data from the phase images. 
The process of analysis involved defining the artery of interest. The phase value of each 
pixel was defined through the cardiac cycle, and the velocity of each pixel was 
calculated; the mean flow and velocity of the entire vessel were then calculated. 
3.3.4.2: Siemens Argus flow 
Siemens Argus flow (Siemens Healthcare, Erlangen, Germany) is an automated tool 
used to analyze blood flow. This tool is integrated into the workstation software of 
Siemens Magnetom scanners. In this study, Argus flow was used to confirm the 
calculated flow with a Matlab code. After the desired measurement was selected, 3 
image sets were displayed: flow-compensated anatomical image, a magnitude image, 
and a phase image. The artery of interest was identified manually and a flow report was 
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created; this report included the mean flow, peak velocity, mean velocity, and ROI area 
values (displayed in a separate window).   
3.3.4.3: Siemens software Syngo 
Siemens Syngo (Siemens Healthcare, Erlangen, Germany) is an automated user-friendly 
tool for displaying images and is integrated into the scanner workstation. This tool was 
used to calculate mean phase values in the first two phantoms. 
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4-RESULTS 
4.1: Phantom 
4.1.1:First Phantom 
We found that there was a phase value even with no flow, as shown in figure 20. 
Therefore, we subtracted the phase value of the background in our future measurements.  
 
(a)                                           (b) 
Figure 20: phase values at rest (a) and with flow (b). 
4.1.1.2: Different flow volumes in patent and stenotic tube  
In the patent tube, phase values increased as flow increased, showing a linear 
relationship (figure 21).  
 
Figure 21: Phase values with various velocities and no stenosis. 
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In the stenosed tube, phase values were higher and there was a disruption of the linear 
relationship between increasing flow and phase values (figure 22). 
 
Figure 22: Phase values with various velocities in stenotic phantom. 
Conclusion 
Stenosis had an influence on the phase values of various flow volumes, disrupting the 
linear relationship between increasing flow rates and phase values. Measurements 
should be obtained away from the stenosis for accurate estimation of flow phase values. 
4.1.1.3: Type of coil 
When comparing calculated phase values using body and head coils, the linear 
relationship was preserved with both coils, as shown in figure 23. 
 
Figure 23: Phase values with various velocities using a body coil (blue circle) and head 
coil (red circle). 
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4.1.1.4: Stenosis 
Measurements were performed without flow for better delineation of the stenosis shape. 
Stenosis induces changes in flow pattern; phase values are higher opposite stenosis 
(figure 24), and there is disruption of the normal smooth pattern of normal flow. An 
irregular flow pattern with phase jump was seen in 40-50% stenosis cases.  
                         
a) Flow profile in a patent tube    b) Flow profile with stenosis 
Figure 24: Flow pattern in patent and stenotic phantom tubes. 
The flow profile changes with stenosis. Flow-related artifact is seen opposite the tube 
with opposite signal intensity to that of flow; furthermore, a change in the phase 
encoding direction changes the orientation of the artifact (figure 25). 
 
a)                             b) 
Figure 25: Flow-related artifact in stenotic phantom tubes. A change of direction of the 
artifact is seen with a change in the phase encoding direction. In tube (a), the direction 
was from head to feet; in tube (b), the direction was from right to left. 
Flow related  artifact  
stenosis 
Area of phase analysis  
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Second Phantom 
The objective of these measurements was to determine the influence of kinks in the 
phantom on stenosis.  
4.2.1: Flow in response to tube bending in stenotic phantom 
The flow pattern changed with a kink applied 25 cm from the isocenter in the direction 
of the head, as shown in figure 26. 
 
                     a)      b)  
Figure 26: Flow pattern in straight (a) and kinked (b; kink located 25 cm from isocenter) 
tubes. 
Phase values at the center of the phantom were higher when a kink was applied, as 
shown in figure 27 
 
a)       b)  
Figure 27: Phase values in straight (a) and kinked (b; kink applied in the direction of the 
head) tubes. 
As the shape and position of the kink changed, the phase values also changed, as shown 
in figure 28 (kink applied 75 cm from the isocenter once in the direction of the feet and 
Phase value=32 Phase value=99 
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once in the direction of the head). The closer the kink was to the isocenter, the higher 
the phase value. 
 
          a)-Cephalic kink                  b)-Caudal kink 
Figure 28: Phase values with different kink positions. In tube (a), the kink was applied 
toward the head; in tube (b), the kink was applied toward the feet. 
Conclusion 
The flow profile was inconsistent and inhomogeneous; with this strong deviation of 
phase values from expected behavior, it was not possible to identify characteristic flow 
profiles with various stenoses. The flow profile varied with modifications of the shape 
of the tube, either from bending or from the application of artificial stenosis. Some 
offsets of phase values were present depending on the sequence parameters. For these 
reasons, we chose to conduct experiments using a third phantom to estimate the 
influence of different degrees of stenosis on flow. 
4.1.3:Third Phantom  
When assessing the shape of the stenosis, we found that dynamic measurements 
demonstrated vibration artifact. Thus, we used static measurements with a small flip 
angle (10º), which offered better quality for delineation of the shape of the stenosis 
(figures 29 and 30). Flow volumes were measured at 4 cm before and after the stenotic 
segment and were found to be equal.  
Phase value= 18.4    Phase value=29.5 
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Figure 29: Phantom tube scanned with TOF, flip angle 25º, with dynamic flow. 
 
Figure 30: Phantom tube scanned with TOF, flip angle 10º, with no flow. 
4.1.3.1: Flow behavior in 8-mm tubes 
In high grades of stenosis, it was difficult to accurately measure the distance of the 
stenotic segment because of the low signal of water and dark signal of the surrounding 
plate and screw. With a Matlab code, we calculated the distance from the top of the 
screw to the lower plate in full patency and used this as a reference to calculate the 
distance moved by the screw as it induced stenosis, allowing for accurate calculation of 
the tube’s patency (figure 31). 
 
Stenotic  segment 
Stenotic  segment  
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Figure 31: Estimation of the degree of stenosis in phantom tubes. 
 
Figure 32: Flow in 8-mm tubes. The left is fully patent; the right shows varying degrees 
of stenosis (arrows). 
With increases in the degree of patency of the stenotic tube, the mean phase values 
increased in the stenotic tube but decreased in the patent tube until becoming become 
equal in fully patent tubes (figure 33). 
 
Screw Lower plate  Upper plate  
water 
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Figure 33: Mean phase values with varying degrees of stenosis in 8-mm tubes. Green 
spikes represent total flow, red spikes represent the stenotic tube, and blue spikes 
represent the patent tube. Each column of spikes represents one cycle of 1-s duration. 
The flow was stable with different degrees of stenosis up to 75%, at which point flow 
decreased linearly until it vanished with full stenosis (figure 34).  
  
Figure 34: Correlation between the amount of flow and the degree of stenosis in 8-mm 
tubes. The red dotted line represents flow in the patent tube; the blue dotted line 
represents flow in the stenotic tube. 
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4.1.3.2: Flow behavior in 4-mm tubes 
The same measurement was carried out in 4-mm tubes. The appearance of the stenotic 
limbs can be seen in figure 35. 
 
Figure 35: Flow in 4-mm tubes. The right is fully patent; the left shows varying degrees 
of stenosis (arrows).  
Phase values increased in the stenotic limb and decreased in the patent limb, as shown 
in figure 36. The flow was stable with varying degrees of stenosis up to 65%, after 
which flow decreased linearly in the stenotic limb until it vanished with full stenosis 
(figure 37). 
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Figure 36: Mean phase values with varying degrees of stenosis in 4-mm tubes. Green 
spikes represent total flow, red spikes represent the stenotic tube, and blue spikes 
represent the patent tube. Each column of spikes represents one cycle of 1-second 
duration. 
 
Figure 37: Correlation between the amount of flow and the degree of stenosis in 4-mm 
tubes. The red dotted line represents flow in the patent limb; the blue dotted line 
represents flow in the stenotic tube. 
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4.2: Subjects 
4.2.1: Findings in Volunteers 
We found that the through-plane venc encoding direction was the only direction in 
which the artery could be visualized; furthermore, 0.5 mm provided the best spatial 
resolution, offering accurate delineation of the artery boundaries and enabling adequate 
flow quantification. Scanning of patent and stenotic ICAs and MCAs was performed; 
the flow profiles in patent and stenotic MCAs are illustrated in figure 38 
    
Figure 38: 3D diagram of flow profiles in the MCA. (a) Patent right MCA; (b) Stenotic 
left MCA. 
For flow quantification, subjects were scanned and an ROI involving the artery of 
interest was defined. The phase value of each pixel was then calculated with Matlab. 
Mean phase values of the whole artery were estimated, and mean velocity and mean 
flow of the desired artery were calculated. The steps of analysis with Matlab are shown 
in figure 39. Flow volumes, velocities, and differences between sides (calculated as 
flow on right side – flow on left side/mean [right + left flow]) were calculated for the 
middle cerebral, carotid, and vertebral arteries in volunteers (table 4).  
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Figure 39: Diagram showing the steps of flow analysis using Matlab. 
Table 4: QMRA findings in volunteers: 
Artery Mean right 
flow 
(mL/min) 
Mean left 
flow 
(mL/min) 
Range of 
difference 
(Right flow – left 
flow/mean flow) 
Mean difference 
(Right flow – left 
flow/mean flow) 
Mean of 
absolute value 
of difference 
MCA 
N=21 
146.6 ± 33.5 140 ± 33.6 –11% to 11% +4.1% 6% ± 3% 
ICA 
N=6 
236.5 ± 73.1 228.8 ± 69.9 –11% to 11% +3.6% 7% ± 4% 
VA  
N=3 
91 ± 10.5 94.6 ± 14.2 0% to 11% +3.6% 3.6% ± 6% 
 
We found that the difference in flow for both MCAs and ICAs ranged from –11% to 
11%. There was a difference between the mean difference in flow and the mean of the 
absolute value of difference because some subjects had higher flow on the left side. A 
representation of the difference in flow in relation to age is shown in figure 40. 
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Figure 40: Percentage difference in flow between both sides vs age for MCA. 
Difference was calculated as (right flow – left flow/mean flow between both sides) × 
100. 
Conclusion 
There was a difference in flow between paired arteries; this difference was independent 
of age but varied according to the health status of each subject. 
4.2.1.1: Effect of hand movement on middle cerebral artery flow 
Two measurements were performed in a volunteer on two different occasions at rest, 
with right hand movement, with left hand movement, and at rest again. Flow was 
calculated for these conditions (figures 41 and 42). We expected that with hand 
movement, there would be an increase in flow in the contralateral middle cerebral 
artery, as was seen in a previous study by Matteis et al (75). However, we could not 
define a systematic influence of hand movement on blood flow in the middle cerebral 
artery. Additionally, we observed high variability in flow volumes in the same artery 
with the same task; no systematic pattern of flow augmentation was found. 
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Figure 41: Flow values in middle cerebral arteries in response to hand movement (first 
measurement). 
 
Figure 42: Flow values in middle cerebral arteries in response to hand movement 
(second
 
measurement). 
 4.2.2: Findings in patients 
A total of 11 internal carotid arteries, 3 middle cerebral arteries, and 5 vertebral arteries 
were scanned in 13 patients. For each patient, flow, mean velocities, and the difference 
between sides in flow (flow in patent artery – flow in stenotic artery/mean flow in both 
arteries) were calculated (table 5). We found that there was a difference between flow 
on both sides; this difference was >16% and was higher than the maximum difference 
observed in our volunteer subjects. In 3 patients, there was increased velocity on the 
stenotic side.  
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Table 5: Vessel flow rates and velocities in patients with stenosis. 
No Age Rt flow 
(mL/min) 
Lt flow 
(mL/min) 
Difference 
(Rt flow-lt 
flow/mean 
flow) 
Rt 
velocity 
(cm/s) 
Lt 
velocity 
(cm/s) 
MRA findings 
Internal Carotid Artery 
1 45 216 254 -16,1 35,8 39,9 Rt 50% 
2 66 358 304 16,3 20,9 22,4 Lt 40% 
3 80 226 151 39,7 43,4 22,1 Lt 40% 
4 63 242 86 95,1 45,7 34,6 Lt 90% 
5 70 208 313 -40,3 35,3 32,5 Rt 40% 
6 51 76 308 -75,3 43,1 66,1 Rt 70% 
7 71 177 209 -16,5 26,7 18,8 Rt 30% 
8 70 187 284 -41,1 25,4. 32.9 Rt 60% 
9 73 215 281 -26,6 43.1 34.9 Rt 40%,Lt ICA stent 
Internal carotid artery with stenotic left MCA 
1 58 244 169 36,3 33,3 32,3 Lt MCA 70% 
Middle meningeal artery 
1 62 183 94 51 49,8 36 Lt 95% 
2 72 170 39 77 62,5 26,2 Basilar artery stent,  
Lt 40% 
3 58 145 39 73 54,4 48,9 Lt  70% 
Vertebral artery 
1 58 24 38 -45 9 9 Lt VA stent 
2 70 114 0  25.9 0 Occluded Lt VA 
Vertebral artery with internal carotid artery stenosis 
1 58 87 52 50 31 26,7 Lt MCA 70% 
Stented left vertebral artery 
1 58 24 38 -36 9 9.2  
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Patients had reduced flow in stenotic vessels compared to the other side and also 
compared to mean flow in our volunteer subjects; some patients had increased flow in 
patent arteries (figure 43). 
 
Figure 43: Flow in patients’ ICA on both sides in correlation with the degree of stenosis 
by conventional MRA. 
QMRA results demonstrated reduced flow on the exact side detected with conventional 
MRA, with a strong correlation between QMRA and conventional MRA (R
2
 =0.7942). 
The percentage of flow difference between sides varied with the degree of stenosis. In 3 
patients with a degree of stenosis of more than 60% in the ICA, the difference in flow 
increased with the percentage of stenosis. The difference in flow between stenotic ICAs 
assessed with QMRA versus the degree of stenosis assessed with conventional MRA is 
shown in figure 44. 
 
Figure 44: Percentage difference in flow between internal carotid arteries bilaterally 
using QMRA compared to degree of stenosis by MRA. 
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5-DISCUSSION 
Carotid stenting has been FDA approved in 2004. The gold standard modality for 
evaluation of vessel and stent patency is DSA, however it possesses serious side effects 
such as radiation exposure, risc of neurologic ischemic complications and contrast 
induced nephrotoxicity. In-stent stenosis is considered to be the primary etiology of 
recurrent stroke in follow up period and could be retreated with either angioplasty alone 
or with re-stenting. 
The aim of our project was to develop a new technique for the follow-up examination of 
patients who were treated by balloon angioplasty and stenting for symptomatic stenosis 
of the internal carotid artery or major intracranial arteries. Our goals were to implement 
and optimize sequences for quantitative MR angiography, to permit spatial and time-
resolved flow encoding, estimate the flow velocity, and characterize stenosis and 
assessment of its degrees. Another objective was to find a relation between flow 
differences on both sides in healthy subjects, to set a baseline above which we might 
expect stenosis to obscure flow. 
Ota et al reported that MIP images overestimate stenosis, as the background signal 
intensity conceals faint signal intensity at the stenotic region (74). Time-of-flight MRA 
also has limited capability for the follow-up of stenting; one study reported a decrease 
in the in-stent signal caused by susceptibility artifact or radiofrequency shielding 
artifact. The degree of artifact changed according to 2 factors: the applied MR 
parameters (eg, flip angle, bandwidth) and the stent type (75). In another study, 
Offerman et al applied various flow velocities in a pulsatile flow phantom with 50% 
diameter stenosis at 1.5T to evaluate the signal properties of 2D TOF (MRA). The 
authors found that there was signal loss after stenosis, and as the velocity increased, the 
sensitivity to flow artifacts also increased (76).  
Multiple studies have demonstrated the accuracy and reproducibility of velocity and 
volumetric flow measurements obtained with phase contrast MRA. PC MRI has been 
evaluated in the heart and major blood vessels; in phantom studies, this modality has 
demonstrated high accuracy in velocity mapping of vessel models down to a 3-mm 
diameter (77-81). With PC MRI, the sampling plane within the vascular anatomy can be 
selected visually far from regions with branches or kinks. Furthermore, this modality 
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can simultaneously measure geometrical and fluid-dynamics data without the use of any 
endovascular device or contrast agent that could potentially alter the blood flow. The 
velocity values calculated with this technique are equivalent to those acquired with 
ultrasound-based techniques (82).   
Phantom measurements are important in medical imaging for the validation and 
optimization of various parameters before these parameters are used in human subjects. 
In our study, we used phantom tubes to mimic, as closely as possible, the imaging 
appearance of the normal anatomy and its distortion by stenosis. We obtained several 
measurements to optimize parameters, checked phase behavior with various flow 
volumes, and determined the effect of varying degrees of stenosis on flow volume in 
anthropomorphic and nonanthropomorphic flow phantoms. 
In our measurements of patent and stenotic  phantom tubes, our results agreed with 
those of Stahlberg et al (83) regarding a nonlinear relationship between phase and 
velocity in stenotic  phantoms with various degrees of complex flow. In straight 
phantoms, the linear relationship between phase and velocity was maintained.  
We found that stenosis and changes in tube configuration induced changes in phase 
values; changes in flow pattern made it difficult to depend on phase values for velocity 
calculations, as no systematic phase behavior is available for various kink forms and 
positions. O’Brien et al similarly observed precise flow measurements (average error 
1.8%) in patent tubes, whereas significant errors were found in stenotic tubes; these 
errors were associated with signal loss in flow-compensated magnitude images 
magnitude image (84). 
For better delineation of the shape of stenosis, static measurements offered higher 
quality than dynamic measurements owing to the absence of moving artifacts induced 
by flowing fluid. In our study, when varying degrees of stenosis were applied in 8-mm 
tubes, flow was lower in the stenotic tube and remained stable over various degrees of 
stenosis until 75% stenosis was reached; at this point, flow began to decrease. This 
decline was linear until full stenosis was reached. When varying degrees of stenosis 
were applied in 4-mm tubes, a similar pattern was observed, but the decline started at 
65% stenosis and continued until full stenosis was reached. According to Poiseuille’s 
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law, 4-mm tubes offer higher resistance to flow than 8-mm tubes (equation 1) and this 
explains different decline starting point in both tubes 
When we assessed flow volumes in subjects, mean phase values within the ROI 
containing the artery of interest were used to estimate flow. However, we noticed that 
the signal in magnitude images did not always show the whole area; therefore, we used 
both magnitude and phase images in flow analysis. Schubert et al investigated the effect 
of multidirectional velocity encoding in tortuous arteries by measuring peak velocities 
in 3 locations along the distal internal carotid artery with 3D 3-directional time-resolved 
PC and 2D 3-directional and through-plane velocity encoding PC sequences. The 
authors found that unidirectional encoded through-plane PC led to significant 
underestimation of velocity values in tortuous vessels, likely because of the complex 
flow pattern in these vessels and the difficulty in placing the scan plane perpendicular to 
the vessel axis (85). In our study, the scanned arteries demonstrated a straight course; 
therefore, the scan line was perpendicular to the direction of flow using a single venc 
encoding direction (through plane).  
QMRA was used to assess cerebral blood flow (44, 86). The protocol stated with 2D 
TOF followed by 3D TOF. TOF images were sent to a separate workstation to produce 
a 3D surface rendering of the vessels using Noninvasive Optimal Vessel Analysis 
software (NOVA). This software also adjusted the velocity encoding according to the 
scanned vessel. PC-MRA was performed perpendicular to the artery of interest with a 
spatial resolution of 0.7 mm and 0.5 mm for extracranial and intracranial arteries, 
respectively. A report was generated through NOVA containing flow rate values in 
mL/min, and the percent difference was calculated ([right flow - left flow/mean flow] × 
100). Flow volume values from 2 previous studies and our results are shown in table 6. 
Amin Hanjani et al found that the total cerebral blood volume decreased by 2.6 mL/year 
in addition to the flow of each single vessel. Both studies demonstrated higher mean 
flow values in the left MCA, ICA, and VA than in the right MCA, ICA, and VA in all 
age groups; the flow rates decreased with age. Amin Hanjani et al also found that ICA 
flow was affected by the anatomy of the posterior communicating artery and posterior 
cerebral artery in the region of the circle of Willis (86). In our study, the percentage 
difference between arteries varied among healthy subjects and was independent of age. 
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Table 6: Comparison of our study flow results with flow results of previous studies.  
 Number  
of 
Subjects   
 
 Rt 
MCA 
flow 
(ml/min) 
 Lt 
MCA 
flow 
(ml/min) 
Difference    
(Rt flow-lt 
flow)/mean 
flow 
 Rt ICA 
   flow 
 
(ml/min) 
 Lt ICA  
  flow 
 
(ml/min) 
Difference 
(Rt flow-lt 
flow)/mean 
flow 
  Rt VA 
    flow 
 
(ml/min) 
 Lt VA 
   flow 
 
(ml/min) 
Difference 
(Rt flow-lt 
flow)/mean 
flow 
Zhao(44) 83 145 ± 27 150 ± 31 -3.3% 252 ±52 264 ±52 -4.7 % 83± 32 96 ± 38 -14% 
Amin 
Hanajan(86) 
334 146 ± 28 159 ± 28 -10% 256 ± 50 259 ± 52 
 
-8.5% 88± 30 100 ± 38 -12% 
Our study 27 146±33  140±33 6 % 236±73 228± 69 7 % 91±10 94±14  -3.6 % 
 
Variation in flow volumes could be attributed to the fact that the previous 2 studies had 
larger populations than ours, their physiological status and different method of analysis 
in our study. For the percent difference in MCAs, our results were close to the results of 
Zhao et al. The percent difference observed in the study by Amin Hanjani study et al 
(10%) was close to the upper limit calculated in our study (11%). For ICA, the percent 
difference we found was close to that observed by Zhao et al. The mean of absolute 
value of difference in our study (7%) was close to that observed by Amin Hanjani et al 
(8.5%). For VA, the percent difference was similar in the studies by Zhao et al and 
Amin Hanjani et al, but our results were markedly different. This could be because of 
the small number of analyzed VAs in our study (N=3).  
We were unable to determine a systematic influence of hand movement on flow in the 
MCA, contrary to previous work by Matteis et al that demonstrated an increase in mean 
blood flow after active and passive hand movements detected with transcranial Doppler 
(87). 
In our study , we compared our flow value results to the degree of stenosis as measured 
by MRA and interpreted by a highly experienced neurointerventional radiologist. 
QMRA demonstrated a decrease in flow in stenotic arteries compared to flow on the 
patent side and compared to flow in healthy volunteers. In all examined patients, 
QMRA demonstrated a difference in flow values between sides for ICA and MCA. For 
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ICA, the difference ranged from 16% to 95%; for MCA, the difference ranged from 
51% to 77%. In 2 patients with stenotic ICA, stenosis affecting the corresponding 
vertebral artery was found. For patients with stenosis affecting the middle cerebral 
arteries, flow volume and velocity were decreased on the stenotic side. ICAs with 
stenosis showed decreased flow and velocity compared to patent ICAs, except for 3 
patients who demonstrated high flow velocity; this could be attributed to the pattern of 
stenosis. One patient with a stented left vertebral artery demonstrated higher flow in the 
stented artery. Another patient with an occluded left vertebral artery demonstrated no 
flow with our technique. Patients demonstrated decreased flow and velocity in the 
diseased sites.   
Our results agree with those of Shakur et al, who showed that ICA flow decreases with 
a higher stenosis percentage. Our study also demonstrated that the percentage of 
stenosis is the main predictor of ICA flow (88).  
In our study, in both patients and phantom measurements, for small degrees of diameter 
reduction, there is no change in the flow, which could be explained by a higher flow 
velocity till a certain point after which there is almost linear decline of flow with 
increased degree of stenosis. The effect of stenosis on is different among healthy 
subjects compared to phantom tube owing to influence exerted by  age, anatomy, 
physiological factors such as breathing, while in patients, other pathological processes 
such as coronary artery disease, hypertension would definitely affect blood flow. 
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6- Summary. 
Stroke represents the third leading cause of death and main reason for disability 
worldwide. Stenosis affecting internal carotid artery due to atherosclerosis is 
responsible for almost 30-40 % of ischemic strokes Stenting is used to restore lumen 
patency. In stent stenosis occurs in 25-35% of patients. Stent related artifacts and 
artificial lumen narrowing are problems arise during MRI stent examination. 
Quantifying flow is an alternative to detect stenosis through its physiologic effect. The 
objective of our project was to implement and optimize sequences for spatial and time 
resolved flow encoding and the estimation of the flow velocity allowing for better 
characterizing stenosis and assessing its degrees. To achieve this objective, a phantom 
model mimicking normal anatomy of internal carotid and middle cerebral arteries was 
built composed of 8 and 4 mm tubes connected in Y-shaped form to pulsatile pump 
pumping 500 ml at rate 60 beat/min. Different degrees of stenosis were applied to one 
limb while the other remained patent. We scanned with phase a contrast sequence 
perpendicular to direction of flow. Subsequent measurements were performed on 27 
volunteers and 14 patients with stenosis. Our results showed flow decreases as stenosis 
degree increases where in 8 mm tubes, flow is stable up to 75 % stenosis while in 4 mm 
tubes; flow is stable up to 65 %. In healthy volunteers, flow difference between both 
sides ranges from 0.4-11% while for patients; flow difference was more than 15% 
depending on degree of stenosis. Patients had reduced flow in stenotic arteries 
compared to flow in normal volunteers. We concluded that QMRA is powerful tool in 
in assessment of stenosis affecting variable vessels. Proper sequence optimization is 
necessary for successful flow measurements. Flow behavior in response to stenosis 
varies among subjects compared to phantom measurements; this could be attributed be 
age, anatomy, physiological factors such as breathing in healthy subjects. While in 
patients, various pathological conditions would definitely affect blood flow such as 
underlying coronary disease, Hypertension. The continuation of this thesis would be to 
application of QMRA in patients with stents either in implanted in internal carotid 
artery and or in intracranial arteries. It might be applied in performing a flow profile for 
vessels before stenting and in follow up post-stenting on regular intervals in substitution 
of DSA and Doppler sonography; this would help tremendously in setting management 
plan optimized for every patient’s health condition. 
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Zusammenfassung 
Schlaganfall stellt die dritthäufigste Todesursache und Hauptursache für Behinderung 
weltweit. Stenosen der A. carotis interna durch Atherosklerose sind für fast 30-40% der 
ischämischen Schlaganfälle verantwortlich Intrakranielle Stenosen sind für 20-40% der 
Schlaganfälle verantwortlich. Stenting wird zur Wiederherstellung der 
Gefäßdurchgängigkeit verwendet. In-Stent Restenosen treten in 25-35% der Patienten 
auf. MRT-Flussquantifizierung ist eine Alternative zur Diagnose von Stenosen durch 
ihre physiologische Wirkung. Einschränkungen ergeben sich durch Artefakte, welche 
durch das metallische Stentmaterial erzeugt werden. Ziel dieses Projektes war die 
Implementierung und Optimierung von MR-Sequenzen für die räumliche und 
zeitaufgelöste Flusskodierung sowie für die Abschätzung der 
Strömungsgeschwindigkeiten, um eine verbesserte Charakterisierung der Stenose und 
Bewertung ihres Grades zu erreichen. Ein selbstgebautes Phantom-Modell imitiert die 
normale Anatomie der Arteria carotis interna und der Arteria cerebri media: Rohre in Y-
Form mit Durchmesser d = 8 und 4 mm, und eine pulsierende Pumpe (500 ml bei einer 
Rate von 60 Pulsen / min. Verschiedene Stenosegrade werden in einem Zweig erzeugt. 
Es wurde mit einer Phasenkontrast-Sequenz senkrecht zur Strömungsrichtung 
gemessen. Mit steigendem Stenosegrad nimmt der Fluss ab. In den 8-mm-Röhrchen war 
der Fluss bis 75% Stenose stabil, in den 4-mm-Röhrchen bis 65% Stenose. Nachfolgend 
wurden Messungen an 27 gesunden Probanden und 14 Patienten mit Carotis-Stenose 
durchgeführt. Bei gesunden Probanden liegt die Flussdifferenz zwischen der linken und 
der rechten Arterie im Bereich von 0,4 bis 11%, während für Patienten die 
Flussdifferenzen über 15% lagen, je nach Grad der Stenose. Patienten zeigten im 
Vergleich zu gesunden Probanden einen reduzierten Fluss in den stenotischen Arterien. 
Zusammenfassend kann festgestellt werden, dass die Quantitative 
Magnetresonanzangiographie ein nicht-invasives Tool für die Flussquantifizierung und 
Bewertung von Stenosen ist, welches auch bei bereits vorhandenen Stents angewandt 
werden kann. Die Ergebnisse können direkt für die Behandlungsplanung herangezogen 
werden. 
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